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ABSTRACT 
UTILIZATION OF SPATIALLY DISTRIBUTED SOIL RESOURCES 
BY SEVERAL SPECIES COMMON TO THE GREAT BASIN 
by 
Sarah Duke, Doctor of Philosophy 
Utah State University, 1998 
Major Professor: Dr. Martyn M. Caldwell 
Degree: Rangeland Ecology 
111 
Heterogeneous spatial and temporal distributions of soil resources important to 
plant growth have been documented in the sagebrush steppe ecosystem. There can 
exist as much variability in soil resources within the root zone of individual plants as 
exists across an entire field. The objective of this dissertation research was to evaluate 
how plants respond to, utilize and influence the spatial heterogeneity of soil resources. 
The three specific sets of questions addressed are outlined in the three main chapters 
of this dissertation. 
My first study addressed how the number and concentration of phosphorus (P) 
patches in the root zone of an individual Artemisia plant influenced the ability of the 
plant to increase root P uptake capacity from the enriched patches as compared to 
roots from unenriched soil. I found that root uptake kinetics in the most enriched 
patches in general was not limited by the number or concentration of phosphorus 
lV 
patches experienced by the plant. However, the plants could modulate the quantity of 
P acquired from a target patch as the number of patches experienced increased. 
My second study addressed how six species common to the Great Basin, which 
represent three different growth forms, utilized nitrogen (N) from patches or a uniform 
distribution. The two species within the two perennial growth forms, shrub and 
tussock grass, revealed different capacities for acquiring N from concentrated patches 
immediately adjacent to a plant and from N applications at a distance from plants. 
This suggests the potential for different root foraging behavior. The two annual 
species used concentrated N patches more effectively than uniform applications. 
My third study described decimeter scale variability of soil water potential ('11 s) 
in the interspace of two perennial plants at different time scales and at different soil 
moisture conditions. The mean '¥ s was more spatially consistent in the interspace 
between plants during a midsummer dry period compared to an early summer period. 
Diel '¥ s fluctuations during an early summer dry period was more spatially consistent 
than a midsummer dry period. When soil moisture was recharged by precipitation 
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Soil nutrients are spatially variable in the root zone of individual plants in the 
Great Basin sage-brush steppe plant community (Jackson and Caldwell 1993a,b; 
Halvorson et al. 1995; Smith et al. 1994; Ryle et al. 1996; Schlesinger et al. 1996). 
Plants can perceive variation in nutrient concentrations and respond through localized 
physiological and morphological adjustment of roots (Drew 1975; Drew and Saker 
1977; Jackson and Caldwell 1989, 1991; Jackson et al. 1990; Caldwell et al. 1991; 
Robinson 1994). An enhanced physiological root uptake capacity may contribute 
significantly to the acquisition of nutrients within several days (Jackson et al. 1990; 
Caldwell et al. 1991; Caldwell et al. 1992). Root proliferation, on the other hand, 
typically is a slower response, requiring activation of growth, but still can be quite 
rapid (Jackson and Caldwell 1989; Bilbrough and Caldwell 1995). Both of these 
mechanisms allow a plant to increase local acquisition of mineral nutrients. As a plant 
draws nutrients from the soil thru rapid uptake rates, localized depletion zones are 
created (Grime 1994). These localized depletions zones can further contribute to 
spatial variation in soil resources. 
In this dissertation I have addressed questions regarding nutrient acquisition 
from artificially created nitrogen (N) and phosphorus (P) applications in the root zones 
of plants. I have also characterized the small-scale variability in soil moisture which 
occurs due to daily extraction of moisture. 
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I present the results of my research in manuscript format in the next three 
chapters. Each chapter contains a thorough literature review for each set of questions 
addressed, a detailed methods section, a results section and a discussion of the 
significance of the research. 
In Chapter 2, I have addressed how localized phosphorus (P) uptake rates 
Artemisia tridentata plants are affected by increasing the number and concentration of 
enriched P patches in the root zone. The physiological root uptake capacity for P was 
measured from three locations within the root zone of individual plants 3 days 
following patch creation. Two of the locations were P enriched patches; the other 
location was an untreated site used as a control. One of the patches, common to every 
plant, received a high P concentration solution (the Primary Patch). The treatment 
structure of the experimental design consisted of one, two, or four additional P patches 
of one of three concentrations. This created varying degrees of P availability in both 
distribution of P patches and total P availability. This experimental design addressed: 
1) if the number and/or concentration of P patches in a root zone influenced the ability 
of roots from the Primary Patch to enhance uptake capacity relative to the control 
roots; 2) if the total quantity of P received influenced root P uptake capacity in the 
Primary Patch relative to the control roots; and 3) what the uptake capacities were for 
roots that experienced patches of different P concentrations. Simultaneously, I 
conducted a small experiment (with a subset of treatments from the uptake capacity 
experiment just described) in which the Primary Patch was labeled with the 
radioisotope 32P. With this experiment I was able to measure the quantity of P that 
plants acquired from the Primary Patch and translocated into the aboveground tissue 
within three days of experiencing P enrichment. 
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In Chapter 3, I address questions regarding the abilities of six species common 
to the Great Basin, representing three growth forms, to procure N from a concentrated 
patch application and from a uniform application (> one tenth the patch concentration). 
I estimated the quantity of N procured by plants adjacent to these 15N-labeled NH4 
applications and also the proportion of the plant nitrogen this represented. I also 
measured the quantity and proportion of N acquired from these applications for plants 
which were more than 35 cm distance from the N-applications. With these data I was 
able to: 1) compare the ability of each species to acquire N from patches and from 
uniform N availabilities and 2) to suggest the scale for which each species can forage 
for nutrients. In this six-week long experiment, plants had ample opportunity for root 
growth , therefore , I was able to assess whether root proliferation and/or root 
morphological changes had occurred in response to increased N availability. 
In Chapter 4, I characterize the decimeter scale spatial variability in soil water 
potential ('¥ 5) in the interspace of the shrub, Artemisia tridentata, and the tussock 
grass, Agropyron desertorum. I collected hourly 'Y s data from late spring through the 
end of summer for twelve thermocouple psychrometers in the interspaces of nine 
shrub-grass plant pairs . I performed spatial autocorrelation analysis on four subsets of 
the larger data set, a dry and wet period in early summer and a dry and wet period in 
midsummer. I was able to characterize the spatial autocorrelation of the mean '¥ 5 and 
timing of daily 'Y s fluctuations for these four periods during in the season. I tested 
16 
whether there was any correspondence between 'Y s values and the location of the 
psychrometer in proximity to the shrubs. Finally, I assessed the relationship between 
the range in diel 'Y s values and the mean 'Y s· 
With these studies I hope to develop a better understanding of the potential for 
resourse acquisition through physiological and morphological responses to increasing 
degree and scale of resource availability. Most of the research in the area has only 
evaluated physiological and morphological responses to single enriched-nutrient 
patches. However, it appears that individual plants may experience greater degrees of 
variable nutrient availabilities (Jackson and Caldwell 1993a,b; Halvorson et al. 1995; 
Smith et al. 1994; Ryle et al. 1996; Schlesinger et al. 1996). Therefore, the 
significance of physiological and morphological response for the acquisition may be 
different when the scale and degree of nutrient availability. 
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CHAPTER 2 
PHOSP HATE UPTAKE KINETICS OF ARTEMIS/A ROOTS EXPOSED TO 
MULTIPLE SOIL NUTRIENT PATCHES 
ABSTRACT 
19 
I investigated how root phosphate (P) uptake capacity would change in a 
nutri ent- rich soil patch (termed the Primary Patch) when the rest of the root system 
was experiencing other nutrient patches (additional patches). The experimental design 
involved different numb ers of additional patches with different phosphate 
concentrations, [PJ The [P;] and number of additional patches were chosen such that 
the total quantity of P added was consistent between some treatment combinations to 
evaluate whether the quantit y or the distribution of patches influenced the uptake 
capacity of the roots in the Primary Patch. I expected that as the number and the 
concentration of additional patches increased, the uptake capacity of Primary Patch 
roots would be reduced relative to roots from untreated Control Patches. 
Averaged across all treatments , roots from the Primary Patch exhibited greater 
uptake capac ities than the Control Patch roots (i.e., roots from unamended soil). With 
substantial enrichment of Pi in additional patches, the uptake capacity of roots was 
redu ced in both the Prim ary and Control Patch roots. However, the concentration and 
numb er of patches had no clear influence on P uptake capacities in the Primary Patch. 
The P uptake capacity of roots from the additional patches with low and 
moderat e P; did not differ from uptake capacity of roots in the Control Patches. 
Howeve r, for roots in the additional patches with high [PJ (equivalent [PJ to that of 
the Primary Patch) the uptake capacities were significantly greater than those of the 
Control Patch roots. 
20 
In an ancillary P acquisition experiment, plants procured less P from the 
Primary Patch if there were four additional patches than if there were only two 
addition al patches. This suggests that P acquisition occurred in the additional patches 
and that regulation at the whole-plant level reduced the uptake of P from the Primary 
Patch . In contrast, the root uptake kinetics did not seem to be as responsive to added 
P; present ed in additional patches. 
INTRODUCTION 
Distributions of soil resources are temporally and spatially heterogeneous, even 
at the scale of individual plants (Halvorson et al. 1995; Jackson and Caldwell 1993; 
Smith et al. 1 994). Enriched soil micro sites can be an important nutrient source for 
plant s (Camp bell and Grime 1989; Chapin 1980) and mechanisms such as root 
proliferat ion and enhanced physiological capacity for uptake can contribute 
signific antly to rapid nutrient acquisition (Caldwell 1994; Chapin 1988; Gersani and 
Sachs 1992). Although generally the low diffusivity of P limits uptake by roots 
growing in soil, increased uptake capacity of roots may be important for acquisition of 
P from enriched microsit es since a disproportionately increased soil solution P can 
overcome the diffusion limitation (Caldwell et al. 1992). 
21 
Root proliferation and enhanced uptake capacity are thought to be inversely 
regulated by tissue concentrations of many nutrients (Drew 1975; Drew and Saker 
1977. 1978; lmsande and Touraine 1994; Jackson and Caldwell 1991; Jackson et al 
1990; Robinson 1994). Increasing the physiological uptake capacity is energetically 
costly (van der Werf et al. 1988) as indicated by the damping of root uptake capacity 
when root carbohydrate levels are reduced by shading (Crapo and Ketellapper 1981; 
Jackson and Caldwell 1992; Cui and Caldwell 1996). Thus, demand for nutrients 
likely serves as a regulator of root responses and this regulation also contributes to 
energy conservation. Carbon investment should ideally meet, but not substantially 
exceed , nutrient demand (Bloom 1986; Bloom et al. 1985). 
Many studies have shown that the local proliferation of roots in soil sectors 
enriched in nutrients is influenced by the nutrient levels to which the remainder of the 
root system is exposed (Crick and Grime 1987; Gersani and Sachs 1992; Granato and 
Raper 1989: Philipson and Coutts 1977). There is also evidence from several 
experiments that root kinetic responses to localized nutrient enrichment are greater 
when sma l !er portions of the root system are exposed to elevated nutrients (Borkert 
and Barber 1983; Robinson 1994). These experiments, however, have involved plants 
with root systems split in two sections of differing nutrient content that are compared 
with control plants where both sections had the same nutrient levels (de Jager 1984; 
Robinson and Rorison 1983; Drew and Saker 1978). In field situations, however, 
there is a reasonab le probability that within the root system of a single plant several 
soil micros ites are variously enriched in nutrients. Such spatial heterogeneity in soil 
22 
resources has been shown for tussock grasses and for the shrub Artemisia tridentata 
(Halvorson et al. 1995; Jackson and Caldwell 1993; Smith et al. 1994). Thus, a more 
realistic question involves allocation of plant resources to roots among several enriched 
soil microsites or patches rather than allocation between just two physically separated 
soil volumes. 
I am not aware of any studies that address whether uptake capacity of roots in 
enriched soil patches is only a reflection of the local nutrient condition in the patch or 
whether this response is also influenced by the presence of other enriched patches 
within the root system. If the root system is exposed to several microsites of enriched 
nutrients, I might expect that allocation of carbohydrates to roots for increased uptake 
kinetics in a single site might be dampened since nutrient demand would be more 
readily satisfied (Black et al. 1994; Bloom 1986, Bloom et al. 1985; Borkert and 
Barber 1983; Burns 1991; Chapin 1988; Clarkson 1985; Robinson 1994). 
In a previous study with Artemisia tridentata (Jackson et al. 1990), roots from a 
single soil patch enriched in nitrogen (N), phosphate (P), and potassium (K) exhibited 
significantly greater uptake capacity for P and N than did roots of the same plant from 
a control patch given only water. The primary objective of my study was to evaluate 
how the root uptake capacity for P in a single enriched microsite is influenced or 
down regulated by the number and concentration of additional patches enriched in P. 
The second objective of my study was to characterize the uptake capacity of roots of 
the same plants in the additional patches enriched with different concentrations of P. 
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METHODS and MATERIALS 
Overview 
I grew individual juvenile Artemisia tridentata plants in very large pots and 
installed patches of varying inorganic phosphate (Pi) enrichment. Root P uptake 
capacity was then assessed in different patches to determine how it would be 
modulated by different combinations of patches. Treatment combinations of additional 
enriched patches were chosen such that for different numbers of patches the total 
quantity of Pi added was the same. Since I was interested in root P uptake capacity , 
plants were well watered and I wanted to maintain enough N iri the soil so N would 
not become limiting. Therefore, I maintained a constant N concentration in the 
additional patch solutions which resulted in a slight increase in total soil N availability 
for the whole plant when a greater number of additional patches were created. To test 
my objectives under reasonably realistic conditions in the field, plants were confined to 
large containers but were otherwise exposed to the normal field environment. In an 
ancillary phosphate acquisition experiment, I determined the acquisition of P from a 
target patch for plants treated in a similar manner as in the kinetics experiment. 
Plant culture 
In August of 1992, 36 Artemisia tridentata seedlings (two-months old) were 
planted in large (45-cm diameter X 45-cm deep) plastic tubs . The growth media was a 
60:40 mixture of a calcareous soil (Typic Haploxeroll, Southard et al. 1978) and 
washed sand. These tubs were maintained out-of-doors in sawdust-insulated plots 
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located approximately 4 km north of Logan, Utah, in the Utah State University Green 
Canyon Research Center. Following planting, plants were shaded and watered 
regularly for several weeks to ensure establishment and survival. 
To encourage growth and attempt to create a demand for phosphorus, the plants 
were fertilized three times with 2 liters of a 25-mM NH4NO3 solution in the spring of 
1993. The final fertilization was applied one week prior to the beginning of the 
experimental treatments. 
Experimental Design 
A nutrient-enriched soil patch was created adjacent to each plant by infusing 
300 ml of a 25-mM NaH2PO4 + 25-mM NH4NO3 solution to a depth of 25 cm using 
moistened pipe cleaners placed 15 cm laterally from the stem of each plant. This 
patch is referred to as the Primary Patch. A Control Patch location was also 
designated within the root zone of each plant at the same time the Primary Patch was 
located; however, this patch received no soil treatment. Nine treatment combinations 
of additional P patches were randomly assigned to each plant as a 3 X 3 factorial 
design. The first main factor was the number of additional patches applied to a plant. 
One, two, or four additional nutrient patches were created in the soil volume around 
each plant. The patches (Primary, Control, and Additional) were always placed 
equidistant on a circle centered 15 cm from the stem base, and were randomly 
distributed around the plants. Based on the diameter of the wetting front of the 
patches I estimated that each patch influenced approximately 2-3% of the soil volume 
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in the pots. The second main factor was the concentration of Pi in each of the 
additional patches; high, medium, and low [PJ Each high concentration additional 
patch was equivalent in concentration to the Primary Patch [Pa (25 mM NaH2PO4 + 25 
mM NH4NO3). Each medium concentration additional patch had half the Pi added in 
the Primary Patch (12.5 mM NaH2PO4 + 25 mM NH4NO3) and the low concentration 
additional patches had one quarter the quantity of P added in the Primary Patch ( 6.25 
mM NaH2PO4 + 25 mM NH4NO3). These concentrations were designed to test 
whether the same total quantity of Pi placed in the additional patches but distributed in 
different numbers of patches would have the same effect on root P uptake kinetics in 
the Primary Patch. Plants which received four additional patches of low Pi 
concentration had the same quantity of Pi added to their root system as did plants 
receiving two medium-concentration additional patches or one high-concentration 
additional patch. This design thus created an additional experimental factor, namely 
the total quantity of P added to a plants' root system, regardless of arrangement. I 
added the same amount of nitrogen in all the Primary and additional patches to reduce 
the confounding influence that different nitrogen concentrations might have on P 
uptake rates. The plants that were exposed to a greater number of additional patches 
also necessarily received more total N. However, as shown later, the total available N 
increased only slightly, and I was unable to detect any influence of this increased N on 
P uptake capacities. 
Root Uptake Kinetics 
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Nutrient patches were created around two or three plants each day, due to the 
limitation of the maximum number of plant roots which could be processed in the 
laboratory in a day. The creation of patches and subsequent sampling was staggered 
over a 20-day period. Three days following patch creation, three soil cores (8.3-cm 
diameter, 25-cm deep) were harvested from each plant; the Primary Patch, the Control 
Patch, and one of the additional patches. These soil cores were transported back to the 
laboratory where the roots from each core were removed by hand. Roots were 
maintained in an aerated 0.5-mM CaC12 solution until all the roots had been removed 
from a soil core. The roots were then rinsed with 0.5-mM CaC12 solution to remove 
debris and adhering soil particles. Root samples were divided into three subsamples, 
each of which was tied in pre washed cheesecloth squares creating a small "tea bag." 
Tea bags were equilibrated in 0.5-mM CaC12 solution to maintain membrane integrity, 
at 20° C for no longer than 2 hours. The total processing from core harvesting to the 
completion of the incubation took less than 5 hours. 
Root subsamples (tea bags) were then immersed for 10 minutes in radioisotope-
labeled solutions of 1, 10 or 20 µ,M NaH2PO4 containing 1.48 MBq 32P. Samples were 
immediately rinsed in three sequential 1000-µ,M NaH2PO4 solutions maintained at 1 ° C 
to suppress uptake and remove adsorbed 32P from the root surfaces. Roots were placed 
in preweighed scintillation vials, oven dried at 60° C for 24 hours, and weighed. 
Radioactivity of intact root samples was assessed by scintillation counting using 
Cerenkov radiation (Epstein 1952; Lauchli 1969). Corrections were made for counting 
efficiency and half-life of 32P. 
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Other Plant Variables 
Immediately prior to the creation of patches, -0.5 g of terminal stem and leaf 
tissue was collected from the plant canopy to assess foliage phosphorus concentrations 
of each plant. Three days after treatment, just prior to harvesting the soil cores, I 
collected a second tissue sample to determine changes in foliage phosphorus 
concentrations. The remaining aboveground portion of the plant was harvested and 
divided it into leaf tissue, current year's stem growth (green) and the previous year's 
stem growth (woody). A subsample of post treatment leaf tissue was also analyzed for 
nitrogen concentration. 
Root length for each soil core was determined using a line intercept method on 
photographs taken of the root samples from each core (Newman 1966). Seventeen of 
the 105 root photographs were computer digitized with Sigma-Scan software (Jandel 
Scientific, 1987) and line intercepts were counted for three grid sizes (0.25 cm2, 0.5 
cm2, and 1.0 cm2). A grid size of 0.5 cm2 was determined to be adequate for the 
purposes of estimating root length for the remaining photographs (regression equation: 
Y (root length) = 87.1 + 6.01 *(number of line intercepts with grid = 0.5 cm2) with an 
R2= 0.96). 
Soil Variables 
As soil cores were sampled, plant-available P and N in each core were 
estimated. A 5-gram sample of soil was placed in 100 ml of a 0.5-M N~C0 3 solution 
for determination of extractable Pi and a 10-gram sample was placed in 100 ml of 2 M 
KCl for determination of extractable NH; and N0 3 (Keeney and Nelson 1982; Olsen 
and Sommers 1982). 
Statistical Analysis 
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To test for effects of concentration and number of additional patches on the 
root P kinetic uptake capacity in the Primary and additional patches relative to the 
Control Patch, I analyzed the data as a split-split plot design blocked on individual 
plants. The first split-plot factor was the core type (Primary, Additional, and Control) 
and the second split factor was the laboratory assay concentrations to which roots were 
exposed (1-, 10-, 20-µM NaH2P0 4 solutions). The within-plant treatment design was 
then overlaid by the 3 X 3 factorial design (number X concentration of additional 
patches) with four replicate plants in each treatment combination. Uptake rates (µMP 
g-1 dw hr-1) were log transformed to approach normality before analysis and then back-
transformed for data presentation. 
To evaluate how the total quantity of P added in additional patches influenced 
uptake capacities in the Primary Patch relative to the Control Patch, an additional 
analysis was performed on the P uptake capacities between the Primary and the 
Control patches. The quantity of P; applied in additional patches was calculated 
( quantity of applied P = number of additional patches X concentration of additional 
patch) and was analyzed as a one-way ANOVA, again with a split-split plot design 
blocked on individual plants. Planned comparisons between plants receiving the same 
quantity of added P in different numbers of patches were made; statistical significance 
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presented was Bonferroni adjusted. 
Variables measured at the soil-core level (extractable Pi, NH;, and NO3; and 
root length) were analyzed as a split-plot ANOV A within the 3 X 3 factorial design. 
And finally, variables measured at the plant level (tissue P and N concentrations; and 
plant aboveground biomass) were analyzed as a 3 X 3 factorial ANOVA (SAS Inc., 
1993). 
Exploratory regression analyses were performed to evaluate meaningful 
relationships between P uptake capacities and other plant and soil parameters. 
Phosphate Acquisition Experiment 
An ancillary experiment was conducted simultaneously to evaluate the quantity 
of P that was acquired by the plants from the Primary Patch. Eight plants were grown 
in the same manner as in the above-described experiment. These plants were 
randomly assigned either two or four additional patches of 12.5 mM NaH2PO4 + 25 
mM NH4NO 3 (medium-concentration additional patches). The Primary Patch in this 
experiment was treated with 25 mM NaH 2PO4 + 25 mM NH4NO3, but was labeled 
with 22.2-MBq 32P. Prior to treatment, small leaf tissue samples were collected to 
determine the tissue phosphorus concentration. Three days following treatment 
application, the total aboveground biomass was harvested. Leaf, new-stem, and old-
stem tissues were separated, oven dried at 60° C for 24 hours and then weighed. Each 
tissue was combusted to ash in a muffel furnace at 550° C. Ash was digested twice 
with 10 ml of 6 N HCl in a 70° C sand bath, which resulted in a moist residue. This 
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residue was then diluted with 4 ml of 0.02 N HCl. Several aliquots were taken using 
most of the dilute residue to determine the total radioactivity in each plant tissue by 
scintillation counting using Cerenkov radiation (Epstein 1952; Lauchli 1969). 
Corrections were made for counting efficiency and half-life of 32P. 
This experiment was analyzed as a one-way ANOV A with the number of 
additional patches as the fixed factor. 
RESULTS 
Physiological Root Uptake Responses 
The primary objective of this study was to evaluate the influence of increased P 
availability in the entire root system on the ability of roots in a single P-enriched patch 
to increase their P uptake capacity relative to roots that are experiencing background 
nutrient availability. There was a negative relationship between averaged root uptake 
capacity for the Primary and Control Patches and the total quantity of Pi added to the 
root system of Artemisia plants (Fig.I, P=0.09 quantity*assay). Both the Primary-
Patch and the Control-Patch root uptake capacities were reduced when substantial Pi 
enrichment was experienced in the additional patches. This result is driven by the 
reduced uptake capacities in the Primary and the Control-Patch roots of plants that 
received one low-[PJ additional patch (the lowest total quantity applied) and those that 
received four high-[PJ additional patches (the highest total quantity applied, total 
quantity increased 16X over that of the Pi added in the single, low-concentration patch) 
(P=0.08 and P=0.07 for Primary and Control patches, respectively, as single pairwise 
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planned comparison). For all other possible pairwise comparisons between plants 
receiving different quantities of additional Pi, there were no significant differences in 
the uptake capacities for roots in both Control and Primary patches (all p > 0.50, 
Bonferroni adjusted). Further, there were no differences in uptake capacities in either 
the Primary Patch or the Control Patch among plants receiving the same quantity of 
added P in different numbers of patches (all p > 0.37, Bonferroni adjusted). 
Overall uptake capacities in the Primary Patches were greater than in Control 
Patches at the higher assay concentrations, by 20% and 29% at 10 and 20 µM 
NaH2PO4 assay concentrations , respectively (P=0.01, core*assay; Fig. 1). Although the 
quantity of Pi applied in additional patches influenced the uptake capacity of the roots 
in the Primary Patch in the most extreme case mentioned above, there were no 
significant effects of the concentration or number of additional patches on the P uptake 
capacity of roots in the Primary and Control patches (core*concentration P=0.85, and 
core*number P=0.62). 
The second objective of this study was to characterize the P uptake capacity of 
roots experiencing different concentrations of added Pi in the additional patches. The 
P uptake capacities of roots from the additional patches increased relative to roots in 
the Control Patches with increasing [Pi] of the additional patches, particularly at the 
higher assay concentrations (Fig. 2; core*concentration P=0.09, 
core*concentration*assay P=0.03). The number of additional patches (columns of Fig. 
2) produced no effect on the magnitude of the average uptake capacities for roots from 
the additional patches relative to the Control patches (core*number P=0.79, 
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core*number*assay P=0.56). 
Interestingly , in the treatment involving four high-[Pi] additional patches in 
which the Primary-Patch root uptake capacities were reduced (Fig. 1), the Additional-
Patch roots sampled from the same plants had significantly greater uptake capacities 
than the Control-Patch roots (Fig. 2). The [PJ of the Additional Patches in the high-
[P;]-patch treatments were the same as the [Pi] of the Primary Patch, thus, the same 
root uptake capacities would be expected in the Primary and the Additional high-[Pi] 
patches. 
Root Proliferation 
Based on the estimates of total root length, I concluded that root proliferation 
did not occur in the nutrient enriched patches relative to the Control Patches during the 
3-day treatment period ( data not shown). 
Soil Nutrients 
The bicarbonate-extractable [PJ from enriched patches, an indication of plant 
available Pi in calcareous soils (Olsen and Sommers 1982; Grossl, personal 
communication) , was significantly greater than the mean extractable [PJ from the 
Control Patches (Fig. 3). The Primary Patches and high-concentration additional 
patches had significantly greater [Pi] than the additional patches created with the 12.5 
and 6.25 mM NaH2P0 4 (medium- and low-concentration patches, respectively). But 
the extractable [P;] from additional patches created with low and medium [PJ were not 
significantly different from each other. Due to high plant-to-plant variability, there 
was not a strong relationship between extractable [PJ and the root uptake capacities 
measured. 
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The soil nitrate concentrations, [NO3], were not significantly different among 
the Control, Primary and Additional Patches (Fig. 4; P=0.10). However, the 
extractable [NO3] increased slightly in all patch types (Primary, Additional, and 
Control) as the number of additional patches increased (P=0.002) since nitrate could 
easily diffuse from the enriched sites to the Control Patches. The average increase in 
[NO3] was less than 1 ppm, which is not likely to be biologically significant. The soil 
ammonium concentration, [NH;], in the Control Patches was significantly lower than 
in the nutrient-enriched patches, approximately 2 ppm less, (Fig. 5, p = 0.0001) since 
NH; is less mobile than NO3. Through exploratory regression analyses between uptake 
capacity measurements and soil [NO3] and [NH;], I found no significant relationships 
to suggest that these small differences in [NO3] and [NH;] influenced the P uptake 
capacities of roots from plants receiving different numbers of enriched patches. 
Phosphorus and Nitrogen Tissue Concentrations 
Prior to patch creation, the phosphorus concentration in foliage tissue was not 
significantly different for plants that were to receive additional patches of different 
concentrations ( concentration main-effect, P=0.34). However, there was a slight 
difference in phosphorus concentration of leaf tissue for plants that were to 
receive different numbers of additional patches (number main-effect, P=0.09). 
Immediately prior to nutrient patch creation, the plants that were to receive one patch 
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in addition to the Primary Patch had an average tissue phosphorus concentration of 2.3 
mg/g dw; whereas the plants that were to receive four additional patches had an 
average tissue phosphorus concentration of 2.7 mg/g dw. I therefore used the prior 
tissue phosphorus concentration as a covariate for analyzing the tissue phosphorus 
concentrations after the additional patch treatments. 
Following the patch treatments, there was not a significant relationship between 
concentration of additional patches and the tissue phosphorus concentration (P=0.44; 
prior phosphorus concentration as a covariate P=0.03). At the conclusion of the 
experiment, there also were no differences in tissue P concentration among plants that 
received different numbers of additional patches (P=0.55). Also, the total quantity of 
Pi added did not influence the tissue phosphorus concentration (P=0.55, prior P 
covariate P=0.0004). 
Analysis of leaf tissue nitrogen concentration was only conducted at the 
conclusion of the experiment. Tissue nitrogen concentrations did not differ 
significantly for plants receiving additional patches of different [PJ. Since total added 
N in the soil increased with the increasing number of patches, it might be expected 
that plants receiving a greater number of enriched patches would have had higher 
tissue N concentrations. However, this was not the case. Plants that received only one 
additional patch had slightly higher tissue nitrogen concentrations (2.9%) than did 
plants receiving four additional patches (2.6%) (P=0.09). Plants receiving two 
additional patches had intermediate tissue nitrogen concentrations. I saw no indication 
that these differences in tissue nitrogen concentration significantly influenced the 
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kinetic uptake capacities of these plants. 
Phosphate Acqui sition Experiment 
The quantity of P procured by plants from the Primary Patch was significantly 
greater for plants receiving two additional patches than those receiving four additional 
patches (0.025 and 0.011 µmoles P, respectively; Fig 6). The P acquired from the 
Primary Patch and translocated to the aboveground tissue was inversely related to the 
number of addition al patches and the tissue phosphorus concentrations of the plants 
measured prior to the treatments (R2=0.83, P=0.05 for the regression model: P acquired 
= 0.079 - 0.15*[prior leaf tissue P] - 0.015*[number of patches]). There were no 
differences in tissue phosphorus prior to treatments detected between plants in the two 
treatment s (P=0.56) for this experiment. 
DISCUSSION 
As is the case for root proliferation in patches, increased root uptake kinetics 
are generally considered to have an appreciable carbohydrate cost (van der Werf et al. 
1988) One indication of this is that shaded plants are limited in their ability to 
respond with stimulated uptake kinetics when exposed to localized nutrient-enriched 
patches (Crapo and Ketellapper 1981; Jackson and Caldwell 1992). In studies in 
which portions of root systems have been exposed to nutrient enrichment, root 
proliferation is often stimulated in the sites of local nutrient enrichment but there is 
usually a corresponding suppression of root growth elsewhere in the rooting volume 
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(Drew 1975; Drew and Saker 1978; Sattelmacher et al. 1993, Robinson 1994). For 
example , in a split-root experiment, Gersani and Sachs (1992) found that while total 
root growth was about the same, the proportion of root growth in the two sectors 
corresponded with the level of nutrients applied. Thus, if roots grew more in the half 
with greater nutrients , there was a corresponding decrease of root growth in the other 
half. They referred to this pattern of allocation, which has also been shown in several 
other experiments (Robin son 1994), as 'correlative inhibition'. There is thought to be 
a close link between localized root proliferation in enriched microsites and increases in 
root uptake capacity in these sites. Increases in uptake capacity are often a precursor to 
root proliferation (Burns 1991 ). In my experiment, during the three days between 
installation of patches and assessment of root growth, there was no root proliferation. 
However , this may have occurred in the enriched patches had the experiment lasted 
longer. 
Given the link between root proliferation responses and increased uptake 
kinetics, similar allocation patterns should be expected for changes in kinetics in root 
systems (Robinson 1994). Thus, as more of the root system is exposed to abundant 
nutrient resourc es, uptake kinetics in a given enriched patch may not be stimulated. 
When plant s encounter a nutrient patch, the internal allocation of carbon for nutrient 
acquisition is thought to be controlled by feedback mechanisms that coordinate nutrient 
uptake and growth (Glass and Siddiqi 1984; Imsande and Touraine 1994; Marshall and 
Porter 1991; Stewart 1991). Plants with a greater portion of their root system with 
access to nutrients often have greater root and shoot tissue nutrient concentrations and, 
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corr espondin gly, exhibit lowe r kinetic uptake capacity than do plants with a smaller 
portion of their roo t system exposed to elevated nutrient availability (Anghinoni and 
Barb er 1980 ; Borke rt and Barber 1983; Jungk and Barber 1974; Stryker et al. 1974). 
In genera l, as the pro portion of the plant root system exposed to elevated nutrients 
increases, the rate of ion uptake per unit of root decreases relative to control plants 
rec eiving the same quantit y of nutrients distributed throughout the whole root system 
(Robin son 1994). However. in my experiment the number of Pi enriched patches a 
pl ant experienced did not clearly inhibit or compromise the ability of the plant to alter 
its upt ake capacity in the Pr imary Patch, except for the treatment with four high-[Pa 
addit ional patches. 
Co ntra ry to my expectat ion , I did not observe increased uptake capacities for 
roots in the addit ional patches of low and medium concentrations relative to those in 
cont rol patc hes. This sugge sts that there was not appreciable energy allocation for 
stimulatin g the enzymatic syste ms necessary to increase kinetic uptake capacity for 
roots in those patches. Perhaps there is a threshold of soil solution [Pa that is 
ne cessa ry before roo ts increase their uptake capacities. I am unaware of any studies 
that have addressed the min imum external [Pi] necessary to stimulate a relative 
incr ease in root uptak e capaci ty. If such a concentration threshold exists and the roots 
in the addit ional pa tches of low - and medium-[Pi] are not stimulated to increase their 
upt ake rates , then issues of carbon allocation priorities would not necessarily come into 
play. The prese nce of P; enriched patches can, however, contribute to the reduction of 
nutri ent demand of the plant without enhanced root uptake kinetics (Bhat 1982). 
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In my phosphate acquisition experiment, I observed that a greater quantity of Pi 
was taken up by roots in the Primary Patch when the remainder of the root system 
experienced two medium-[Pi] additional patches than when plants experienced four 
medium-[Pi I additional patches. This is consistent with my expectations and suggests 
that P uptake is being down-regulated within the Primary Patch when a greater portion 
of the root system has access to more Pi in four as opposed to two additional patches. 
Although I did not observe enhanced uptake capacities for roots from the additional 
patches of low and medium [PJ relative to the Control Patch roots in the kinetics 
experiment (Fig. 2), acquisition of P from the enriched patches would be greater than 
from the Control Patches due simply to increased soil solution concentrations (Bhat 
1982; Edwards and Barber 1976; Loneragan and Asher 1967). Thus, nutrient demand 
is likely being met by acquisition of P from four additional patches more effectively 
than from two addit ional patches and this would lead to a decrease in uptake from the 
Primar y Patch. 
Large, mature Artemisia shrubs may not be completely physiologically 
integrated. Defoliation experiments have indicated that these shrubs, when large, 
often have vascular tissues segregated by corky tissue such that portions of the root 
system are directly connected to segments of the shoot system, and there is apparently 
little connect ion among the segments (Cook and Stoddart 1959; West 1983). Roots in 
different zones of the soil may be supplying nutrients to separate portions of the shoot. 
Thus, the total rooting volume of a single shrub may be exploited by several 
physiological individuals that are each driven by different nutrient demands of their 
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res pective shoot segments. Visual inspection of the stem base and primary root 
structure of the small plants from this experiment did not indicate distinct separations 
in the tissue as described in the defoliation studies (Cook and Stoddart 1959). 
HO\,vever, the possibility still exists that physiological integration may have been 
limit ed even in these small shrubs. If that were the case, then the additional patch 
roots may not have a strong influence on the entire shoot system and the uptake 
capacity of the Primar y Patch roots. 
Conclusion 
My data suggests that increased root P uptake capacity appears to be restricted 
to higher concentration patches. Roots which experienced less Pi enrichment did not 
inc rease their uptake capacity, yet, these lower concentration patches would still likely 
con tribute to reducing P demand in these plants. Phosphate acquisition from the 
highly enriched patches appea red to be regulated by the nutrient availability in the 
rem ainder of the root system. However, there is no clear indication that kinetic 
responses 0 1· root s to nutrient enrichment was regulated by the whole-plant nutrient 
environm ent except when the plant was exposed to considerable additional P. For the 
most part , much of the kinetic uptake behavior appeared to be locally regulated. 
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Figure 1. The uptake rates of phosphorus (µ.MP g·1 dw h·1) at three assay 
concentrations (1, 10, 20 µM NaH2P0 4), for roots experiencing enriched 
phosphorus patches. Average extractable phosphate in the Primary 
Patch (solid dots) was 55 ppm, and it was 3.9 ppm in the Control Patch 
i.e., unamended soil, (open circles). The nine cells of the figure 
represent all treatment combinations of additional patch numbers 
(horizontal), and additional patch concentrations (vertical). The quantity 
of Pi added was the same for the cells along a diagonal (i.e. one high-
conc. patch= two medium-cone. patches= four low-cone. patches). 
Some treatments quantities are not replicated, i.e., one low-cone. and 
four high-cone. additional patches, thus the sample siz.e varied for each 
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Figure 2. The uptake rates of phosphorus (µM P g·1 dw h"1) at three assay 
concentrations (1, 10, 20 µM NaH2PO4), for roots sampled from the additional 
patches, that had different Pi concentrations. Average extractable phosphate in 
the additional patches (solid dots) was 27 ppm in the low- and medium-cone. 
patches, and 78 ppm in the high-cone. patches (Fig. 1 ). Average phosphate 
concentrations in the Control Patch (hollow dots) i.e., unamended soil, was 3.9 
ppm. The nine cells represent all treatment combinations of additional patch 
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Figure 3. The mean level of 0.5 M NaC0 3-extractable phosphate (mg P kg-1) from 
three different core types ( Primary, Additional, and Control). All Primary 
Patches were created with 25 mM NaH 2P0 4 solution, and the Control Patches 
received no nutrient amendment and thus represent the background Pi levels. 
Additional patches were created with three levels of Pi enrichment (horizontal 
axis). Each symbol represents the least squares mean for the 'concentration of 
additional patches' X core interaction (N = 12) with standard error bars. 
3.0 .-----------------, 
~ Control 






1 2 4 
number of additional patches 
Figure 4. The mean levels of 2.0 M KCl-extractable nitrate (mg N kg-1) from the 
three different core types (Primary, Additional, and Control). All enriched 
patches received 25 mm NH4N0 3• Each symbol represents the least squares 
mean for the 'number of additional patches' X core interaction (N = 12) with 
standard error bars. 
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Figure 5. The mean levels of 2.0 M KCl-extractable ammonium (mg N kg-1) for the 
three different core types (Primary, Additional, and Control). All enriched 
patches received 25 mM NH4N0 3• Each symbol represents the least squares 
mean for the 'number of additional patches' X core interaction (N = 12) with 
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Figure 6. The mean quantity of P acquired by plants from the Primary Patch while 
experiencing two or four additional patches. The Primary Patch was labeled 
with 32P to estimate the total aboveground plant acquisition of P (N = 4). 
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CHAPTER 3 
NIT ROCil:N ACQUISITION FROM DIFFERENT SPATIAL DISTRIBUTIONS 
BY SIX GREAT BASIN PLANT SPECIES 
ABSTRACT 
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Pla11:s of' different growth form may utilize nutrients in various spatial 
distri but1u11s through different strategies and scales of foraging. In this study, I 
evalu ated the ability of six species commonly found in the Great Basin to utilize 
nitrogen (. · l distributed in different patterns. Three growth forms were represented by 
the se s1\ sp,:cies. Di!Terent root behavior strategies for nutrient acquisition were 
expectl·d alllong grow th forms and possibly between species within a growth form. 
I :1p1)licd 1' 1\J labeled nitrogen in concentrated patches and in broader uniform 
areas (;11 apprm imately I% the concentration per unit area of the patches) in large 
outdoor sand culture plots. Six weeks after N was applied, two plants adjacent to the 
patch ( l\ 1tch Trca( ment), and two plants within the uniform application (Uniform 
Treatme11t) \\ere harvested. One plant 35-45 cm from both applications (Distant 
Treatmc•1t) \\ as also harvested. The mass of N acquired and the proportion of the 
applied '\ i11 the !car N pool were calculated. 
I i1l' \\ inter annual species, Aegilops cylindrica and Bromus tectorum, utilized 
the co1 Cl'nt1<1tcd patch to a greater extent than did the perennial species. The mass of 
N acqui1.:d by the Patch-Treatment annual plants was significantly greater than by the 
52 
Uniform ,111d Distant-Treatment plants. The annual plants in the Distant-Treatment 
had \c 1·, lit1 lc oi' the applied N in their leaf tissues. The perennial tussock grasses, 
Agrop, r, ~ dcscrtorurn and Pseudoroegneria spicata, differed in utilization of the N 
applicatinns ;\gro pvron acquired a greater quantity of N from the patch than from the 
uniform ;1pr")lication, and Distant-Treatment plants acquired very little from the 
treatmcn· a11pl ications. On the other hand, Pseudoroegneria utilized N in the three 
treatrnl..'n'-; '-·quail:-,. The shrub species, Artemisia tridentata ssp. vaseyana and 
Chrvsoti',l.Dtnus nc1uscosus. also differed in their pattern of acquisition of N. 
Chrvsntl ,.!.!.J.)_11us shrnbs acquired appreciable amounts of the applied N, but there were 
no di flcrl'!1ccs among the three treatments. In contrast, Artemisia tridentata was very 
effecti\C' ;11 acquiring large quantities of N from the patches relative to the Uniform-
and Di-.,1 1111- l"rcatment plants, yet there was still appreciable acquisition of applied N 
by the D1st;1nt-Trcat111ent Artemisia plants. 
\ ly results suggest that both the two shrubs and the two perennial grasses 
differed :·n ,111 (1nc .another in the scale at which they foraged for nutrients. One of the 
shrubs <1 id ,rnc or the perennial grass species acquired N with the same effectiveness 
from al I thr,·c distributions, while the other shrub and perennial grass were much more 
influcncL d hy the local distribution of the nutrient resources. Thus, one species of 
each 0 1· hc:--c lire lor rns, appeared to forage at a coarse scale while the other two 
species ;111(! the annual species were apparently foraging at a finer scale. This suggests 
the pok 11ti:11 !'or at least some spatial niche separation among these species. 
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INTRODUCTION 
. .iii reso urces ava ilable to plants are characterized by spatial heterogeneity and 
tem porn: , .1riation in mo st natural environments (Grime 1994). Plant characteristics 
that al lll, plants lll acquire reso urces from spatially or temporally variable nutrient 
sup ply c in di Ile r c1mong speci es, and likely depend on the evolutionary history of the 
species l t irimc 1977. Chapin 1980, 1988; Aarssen 1983; Tilman 1986). Rapid 
acqu isiti ,n n !' nutrients fro m pulses requires that an active root system is present to 
tak e u11 ·1utrients ,, ·hen they first become available (Campbell and Grime 1989; 
Cam p be: I ct al. 1991 ). Plants that depend on root activation and growth once a pulse 
is ini ti,1t,·d. may h,1ve delaye d nutrient capture and, thus, suffer in competition for 
the se r\.''-, 1u1-cc...,. ·1 he uti I ization of a nutrient-enriched soil patch is commonly 
associL1lL',J ''- ith till' abil ity of a plant to elevate physiological uptake capacity and 
prol i!'eu c lll O h i11 these local zones (Drew and Saker 1975; Jackson and Caldwell 
1989). he species w ithin plant communities composed of varying growth forms and 
size clo11 in,mcc arc pos tulated to exhibit different strategies for acquiring nutrients 
wh en tl11. 1·e is spa 1al and temporal heterogeneity of resources (Campbell and Grime 
1989: ( i i me 1994 ). Coex istin g species that potentially compete for the same resources 
are thou~ht to segr ega te reso urce use both spatially and temporally (Aarssen 1983; 
Ver eso~ 11t1 ,1rnl Fitter 1984; Fitter 1986; McKane et al. 1990). 
' 1gehrn sh--;tcppe communiti es of the semiarid Intermountain West receive 
moi stu;\.' prirn,11·ih rrorn late fa ll through the spring. Summers are warm and dry. 
Plant m1 riL'11t :1,a ilability corresponds with soil moisture throughout the year and is 
greatly I dLil·cd in the summer months as soils dry (Nye and Tinker 1977; Barber 
1995: (· 1\\ l<ird :me.I Gosz 1982). 
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1 ·,i ffcrcncc:--in phenology among species can result indifferent degrees of 
tempor:tl coupling between nutrient uptake and its use for growth and reproduction. 
For e\:,11 ,pk. in the sagebrush-steppe, perennial tussock grasses and winter annuals 
initiate ~w" th in early spring from overwintered tillers that began growth in the fall 
(Nov\ak .1nl: Calclwell 1984). Tiller growth accelerates and seed production occurs in 
late sp11 : ~ ,1nd cmly sunrn1er, followed by death of the annuals or dormancy of the 
perennu -; in c:1rl: Lo midsummer. The shrubs, Artemisia tridentata and probably 
Chrvso1I ,!.!lllll!.:~ n;wseosus, initiate belowground growth early in the spring (Fernandez 
and CaiL'"·cll 197~ ). but vegetative growth first begins in early summer and flowering 
occurs 111 Lllc summer (Bilbrough and Caldwell 1997). Thus, within a sagebrush-
steppe c,,111111unity. the timing of nutrient acquisition in the spring and its subsequent 
use by 1..L fTcrcnt species can vary considerably. 
'---ll'l' ri1111w -.,cd upon the temporal variability in nutrient resource distribution is 
spatic1I ll'rngL'nciL:, of' soil nutrients (Charley and West 1977; Crawford and Gosz 
1982: .l I k-,!ln :me! Caldwell 1993; Halvorson et al. 1995; Schlesinger et al. 1996). 
Spatial!: , :11i:1hlc nutrient distribution occurs due to the redistribution of resources by 
perenn1.1 '-\~cciL's (Charley and West 1977; Hook et al. 1991), animal defecation, 
urinatio1 . :rnd death. as well as microbial activity (Stark 1994). Root proliferation and 
changes 11 nutrient uptake kinetics are thought to contribute significantly to plant 
acquisiti. 11 or 11utricnts from enriched soil patches (Jackson and Caldwell 1989; 
Jackson _·t al. 199(): Robinson 1994) . 
J l1e objecti\e of this study was to evaluate the ability of six species 
55 
represe11 i11g. three life forms to acquire N from different spatial distributions. The 
capabil1t'- ()1· species for coarse-scale and fine-scale foraging of nutrients is one aspect 
of evalu:1ti11g the 1•otential for spatial niche separation among coexisting species 
(Grime ,)()): C',111phcl I ct al. 1991). I evaluated this potential by comparing the 
abil it: 11 tl1L·sc s1xcics to acquire N from: locally enriched patches, a uniform 
distrib111 \l l1 su1Toundi11g the plant, and from a distance of 35-45 cm from enriched 
areas. I ' uc to di fle rcnces in the phenological development of the selected species, it 
was nee, :-;sar:- to create patterns of N that remained available through the spring such 
that all I.le species would have the opportunity to experience the N applications. I 
used ai 1 °'\ lc1hcled ammonium-loaded clinoptilolite zeolite as a slow-releasing N 
source Ii 11t2 t1nd \fompto n 1989). The 6-week experimental period overlapped the 
acti\ c _ 1 )\ \ lh swg-2s 01· all six species (Bilbrough and Caldwell 1997). I focused on 
the total 11,111tity or N that was acquired from the zeolite applications and translocated 
to the u ITL'nt : cai ' s shoots and the proportion of the shoot N pool that this newly 
gained \ rcprcsclllcd. 
METHODS 
lL ' research \\as conducted in the spring of 1995 approximately 4 km 
norrhc i-.; ,,1· l.ug.an. Utah. at the Utah State University Green Canyon Research Center 
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(41 45'N, 111 48'W, 1460 m elevation). Annual precipitation in Logan comes largely 
as snow in the winter, but the spring months receive 44 mm of rain on average. 
My experiment was conducted in large-unlined sand filled pits or plots (5 X 18 
m, 1 m deep) where the plants were exposed to field conditions. There were four sand 
plots each planted with six species common to the Great Basin of the Intermountain 
West and used in earlier studies (Bilbrough and Caldwell 1997). The four perennial 
species were planted in 1992 as monoculture subplots within each sand plot. The 
perennial subplots were approximately 15 m X 1.5 m and ran parallel to one another 
down the length of the sand plots. The annual subplots were located at the end of and 
along the width of each sand plot. Within each species subplot there were four 
separate experimental units (approximately 1.5 m2 for the perennials and for 0.5 m2 the 
annual, Fig. 7) each of which received one of four treatments in previous years. Each 
species had received N (but no 15N) in the form of a pulse the previous two years, and 
these N pulses were applied to different experimental units at different times during 
the spring (Bilbrough and Caldwell 1997). I used two of the prior experimental units 
for each species from each subplot in each of the four sand plots (i.e., I used n=8 prior 
experimental units or subplot blocks) in this experiment. Therefore, my design 
structure was a Complete Block Design with 2 complete replicate treatment schemes 
within each block. Prior treatments were included in the ANOV A as an experiment 
factor. This factor and all interaction terms with this factor were not statistically 
significant for any response variable for any species. Further, N tissue concentrations 
were not statistically different among plants from the different prior treatment 
experimental units. Therefore , I concluded that the N acquisitions results were not 
strongly influenced or confounded by these prior N applications. 
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Perennial shrubs were transplanted as small seedlings, perennial tussock grasses 
as clumps of tillers in six parallel rows within each subplot, and annual grasses were 
planted as seeds. Plants were staggered in adjacent rows with consistent spacing 
between all plants creating a uniform distribution (Fig. 7). Spacing between plants 
necessarily varied for different growth forms because of inherent differences in plant 
size. The indigenous shrubs Artemisia tridentata, ssp. vaseyana (Rydb.) Beetle and 
Chrysothamnus nauseosus (Pallas) Britt ., were planted at an interplant distance of 25 
cm. The introduced and indigenous perennial tussock grasses, Agropyron desertorum 
(Fisch . ex Link) Schult and Pseudoroegneria spicata ([Pursh] A. Love), respectively, 
were planted at 20-cm spacing. In early March of 1995, seeds of the introduced 
exotic-annual grasses, Bromus tectorum (L.) and Aegilops cylindrica Host. were 
planted at 5-cm spacing in two 0.5-m2 subplot blocks within each sand plot (Fig. 7b). 
Because plants were growing in sand, plants were lightly watered daily. To maintain 
nutrient availability in these sand cultures an approximately 20% Hoaglands solution 
with a much diluted N concentration (0.05 mM NH4NO3) was applied through the drip 
irrigation system which lay between each row of plants. This resulted in an 
approximate application rate of 0.03 g N m·2 wk"1• After a 45 minute watering period, 
the entire surface of the sand was apparently wetted. Plants showed no signs of 
nutrient stress in this year or in previous years. 
I utilized the mineral clinoptilolite zeolite to create local increases in nitrogen 
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availability. Clinoptilolite zeolite is composed of a crystalline lattice with a very high 
surface area that is negatively charged with an affinity of NH; (Ming and Mumpton 
1989). Pulverized zeolite can easily be "loaded" with NH; by soaking in concentrated 
NH4Cl solution allowing the internal sites to become occupied by the cation NH;. I 
soaked 200 g of crushed zeolite for 7 days on a shaker table in a 2% 15NH4Cl labeled 
1-M NH4Cl solution. I then repeatedly rinsed the zeolite with deionized distilled water 
to remove the chloride. The zeolite was oven dried for 3 days and stored in a 
desiccator. Following the "loading" process, 1 gram of dry NH;-loaded zeolite 
contains 23 mg of N. Zeolite released the NH;+ 15NH; in exchange for other cations, 
such as Ca2+, K+, and Mg2+ in the diluted Hoaglands solution, thus, it was effective in 
creating a long-term nutrient patch in this sand system, since zeolite would release N 
slowly over time and remain localized (Lewis and Moore 1984). 
Due to plant size differences (e.g., three-year old shrubs versus 3-week old 
annual seedlings), I used different quantities of NH;-loaded zeolite and created 
different sized application areas for each growth form. The quantity of zeolite used 
for each growth form was calculated based on the spacing of plants such that the 
uniform applications were approximately ten times the quantity used in previous years 
as background nitrogen fertilization which was 0.043 g N m·2• I employed a one-way 
treatment structure for which there were three treatments: a concentrated N patch area, 
N applied uniformly over an area, and an area which received no N addition. Each 
treatment area represents an experimental unit within a subplot block of plants. 
Patches for shrubs were applied to circular areas of 9.5-cm diameter with 1.65 g 
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zeolite placed on the surface in the space equidistant between three plants (Fig. 7a). 
The uniform applications were 900 cm2 with the same quantity of zeolite covering the 
soil surface which included two shrubs in separate rows (modification of uniform 
application in Fig. 7a). These application rates correspond to 5.3 g N m·2 and 0.42 g 
N m-2 for the patch and uniform treatments, respectively. Perennial grass circular 
patches were 7. 0 cm in diameter on which 1. 1 g of zeolite was applied to the soil 
surface in the space equidistant between three plants. The uniform applications were 
600 cm2 with the same amount of zeolite and influenced a larger portion of the root 
system, relative to the patch, for three plants in two adjacent rows (Fig. 7a). The 
application rates for the perennial grasses corresponded to 6.6 g N m·2 and 0.42 g N m· 
2, for the patch and uniform treatments respectively. The patches in the annual plots 
were 4.5 cm in diameter and the uniform applications were 300 cm2, each with 0.55g 
zeolite, corresponding to an application rate of 8.0 g N m·2 and 0.42 g N m·2, 
respectively (Fig. 7b ). Each application immediately influenced 6-8 plants. 
The patch and uniform zeolite applications were created on May 3, 1995. 
Plants were harvested between June 14-20; each species was harvested in a single day. 
This experimental period was long enough for the zeolite to release much of the 15N-
labeled ammonium (J. L. Boettinger, unpublished) and corresponded with the overlap 
of the growth period of all six species (Bilbrough and Caldwell 1997). In each 
perennial species experimental unit; two plants adjacent to the patch (Patch Treatment), 
two plants within the uniform area (Uniform Treatment) and one plant 35-45 cm away 
from both applications (Distant Treatment) were harvested. Two or three plants were 
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between the Distant-Treatment plant and the zeolite applications in each experimental 
unit (Fig. 7). Immediately followin_g harvest, aboveground tissue for shrubs was 
partitioned into current year's growth and prior years' growth. Perennial grasses were 
separated into living tiller material and seed. For the annual grasses there was only 
leaf tissue. 
Soil cores were taken from the interspace among plants in the Patch- and 
Uniform-Treatments and adjacent to the single distant plant to assess local root 
morphological parameters. Cores for shrubs and perennial grasses were 10 cm and 7.5 
cm in diameter, respectively, slightly larger than the diameter of the patch treatments. 
All soil cores were 20 cm deep. Roots were separated from the soil cores, washed 
free of sand and other debris. All plant material was processed immediately and 
frozen in liquid N2 in the field and kept on dry ice until processing. 
Plant material was freeze-dried for 48 hours and then weighed. A subsample 
of roots was rehydrated over night and root length for each sample was assessed using 
a Comair Root Length Scanner, Australia. The current year's leaf and stem material 
was finely ground. Total nitrogen content and 15N enrichment of leaf tissue were 
determined by continuous-flow direct combustion mass-spectrometrt (ANCA 2020 
system, Europa Scientific Inc., Cincinnati, OH, USA). The nitrogen acquired by 
plants from the experimental treatments was determined based on the 15N enrichment 
in the leaf tissue in excess of background 15N (assumed constant at 0.36599 atomic%) . 
Total N in the tissue was estimated based on total tissue mass and tissue concentration. 
Based on 2% 15N enrichment of the zeolite, I calculated the proportion of the total 
tissue N that was derived from my applications. The mass of N acquired from the 
applications and translocated into the current year's growth was calculated as the 
proportion of applied N multiplied by the total tissue N for each plant. 
Statistical analysis 
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Statistical analyses were performed at the species level to test for differences 
among N levels in treatment plants. Comparisons among species and growth forms are 
qualitative. All analyses were performed as a randomized block design with prior 
pulse treatments and the distribution treatments (Patch, Uniform, and Distant) as fixed 
effects in the model. The plant N measurements were average for the two plants 
harvested from each zeolite application. Tests for normality were performed on each 
response variable. The proportion data were transformed with a modified log 
transformation and the mass of N acquired data were transformed with a square root 
transformation to approximate normality. ANOVAs were performed on transformed 
variables using a mixed model analysis (Proc Mixed, SAS 1996) for the variables: 
proportion of N acquired, mass of N acquired, and specific root length. The P-values 
presented for explicit comparisons of means among treatments were Bonferroni 
adjusted. The means and standard errors for each variable were back transformed for 
graphical presentation of the data. Statistical power was low for this experiment 
because of small sample sizes, therefore I do not adhere to a strict interpretation of 
statistical significance for P-values :S 0.05. The P-values are presented in the results, 
allowing the readers to form their own conclusions. 
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There was high variability in the quantity of N acquired from my Patch 
Treatments between the two Artemisia plants within each experimental unit which 
contributed to large standard errors for this variable. I defined a new variable, total N 
acquired by the 2 plants harvested for each treatment ( e.g., patch and uniform), by 
summing the mass of N derived from the treatments for the two plants for the patch 
and uniform treatments within each experimental unit. I analyzed this new variable in 
the same manner as described above. 
RESULTS 
All six species acquired N from my patch and uniform applications and plants 
in the Distant Treatments of all six species acquired at least some N from the 
applications. The species varied in the relative amount of N acquired in each 
treatment indicating differences in the scale and nature of root foraging (Fig. 8). The 
proportion of N in the shoot tissues that was derived from the zeolite applications also 
varied among species (Table 1) and largely mirrored the mass of N acquired in the 
different treatment. Nitrogen acquired by the annual plants adjacent to patches was 
greater than by plants within uniform applications (P = 0.0001, Fig. 8). The Distant-
Treatment annual plants acquired N from the applications (P=0.001) although 
significantly less than the Patch- and Uniform-Treatment plants (P=0.0001 ). 
The two perennial grass species differed from one another in their foraging 
behavior. Agropyron plants adjacent to the patches acquired more applied N than did 
those in the uniform application or in the Distant Treatment (P=0.001, Fig. 8C). 
! ~ ' " .... - 1 . • . \, 
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However, Pseudoroegneria plants did not significantly differ in the amount of N 
acquired from the applications in the three treatments (P>0.26, Fig. 8D). This 
indicates that the zeolite-N applications were being utilized with equal effectiveness by 
all the Pseudoroegneria plants within the experimental unit regardless of their 
proximity to the application areas. 
The two shrub species also differed in their acquisition of N in the different 
treatments. There were no differences in the average mass of leaf N acquired by 
plants in the three treatments for Chrysothamnus (P=0.64, Fig. 8F). Artemisia 
acquired more applied N in the Patch Treatments than in the Uniform Treatments 
(P=0.12 , Fig. 8E). But like Chrysothamnus, Artemisia was just as effective in 
acquiring applied N in the Distant Treatments as in the uniform applications. 
In the Artemisia data, the plant-to-plant variability within treatments was 
particularly large. Of the two plants harvested in the Patch Treatments, one plant 
often acquired a much greater quantity of N than its neighbor. Analysis performed on 
the summed N for the two plants revealed that Artemisia acquired more N from the 
Patch than from the Uniform Treatment (P=0.005). Such high plant-to-plant 
variability within treatment pairs was not apparent for any of the other species, 
therefore, a similar analysis was not warranted. 
Root Proliferation 
There were no differences in root mass within soil cores between the patch- or 
uniform-application areas and the unamended soil for any of the species. However, 
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the specific root length (root length per mass, SRL) did differ for just one species, 
Artemisia. There was a greater SRL in the Patch Treatment than in the Distant-
(P=0.01) or Uniform-Treatment (P=0.08, Fig. 9). There was some suggestion (P=0.11) 
that Agropyron had a marginally greater SRL in the Patch-Treatment than in the 
Distant-Treatment. 
DISCUSSION 
At least one species of each growth form obtained a greater quantity of N from 
patches than from the uniform application (Fig. 9 and 10). The shrub Artemisia and 
the tussock grass Agropyron both utilized the concentrated patch better than the 
uniform application (ratio of N acquired from patch:uniform > 2, Fig. 10). However, 
the shrub Chrysothamnus and the tussock grass Pseudoroegneria, utilized N from the 
patch and uniform applications equally (ratio of N acquired from patch:uniform -1, 
Fig. 10). Thus for the perennial species, effective acquisition of a localized source of 
N did not simply correspond with growth form (Campbell et al. 1991). 
Agropyron has been shown to be a better competitor for localized nutrients 
when in competition with Artemisia than is Pseudoroegneria (Caldwell et al. 1985; 
1991). Agropyron has a greater ability than Pseudoroegneria for rapid root growth in 
disturbed site soil (Eissenstat and Caldwell 1988, 1989) and in enriched patches 
(Jackson and Caldwell 1989). This ability for quickly growing roots in enriched sites 
may give Agropyron an advantage in competition with Artemisia by facilitating 
nutrient acquisition. Although Pseudoroegneria is less effective than Agropyron in 
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competing with Artemisia, (Caldwell et al. 1985, 1991) when the two grass species are 
in competition they are approximately equal in competitive effectiveness (Huber-
Sannwald et al. 1996). Although I did not observe distinct root proliferation in the 
patches by Agropyron, possibly due to rapid root turnover (Gross et al. 1993), 
Agropyron was clearly capable of acquiring more N from patches than from a uniform 
distribution or from a short distance. In contrast, Pseudoroegneria acquired the same 
amount of N from all three treatments. It would appear that Pseudoroegneria 
possesses a more broadly distributed active root system. In earlier species comparison 
studies, Pseudoroegneria did not rapidly proliferate roots in enriched patches (Jackson 
and Caldwell 1989), however, it was as capable as Agropyron in elevating 
physiological uptake capacity for nutrients in enriched patches (Jackson et al. 1990). 
Although Pseudoroegneria does not exhibit dynamic root proliferation responses, it is 
effective at acquiring nutrients. Both of these tussock grasses are equally effective in 
acquiring phosphate from both enriched and unfertilized patches (Caldwell et al. 1991) 
and both were able to utilize an early-spring N pulse for a significant growth 
advantage (Bilbrough and Caldwell 1997). These fundamental differences in root 
growth responses for the utilization of different spatial nutrient patterns may partially 
explain differences between these grasses in some competition studies. 
Chrysothamnus does not react to pulses of summer precipitation (Ehleringer et 
al. 1991; Lin et al. 1996) nor does it exhibit increased growth if given a concentrated 
short-term pulse of N (Bilbrough and Caldwell 1997). Chrysothamnus did acquire N 
from my zeolite applications, but N uptake did not appear to be stimulated in N-rich 
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micrositcs. In contrast, Artemisia can utilize N pulses for a distinct growth advantage 
(Bilbrough and Caldwell 1997) and the part of its root system in the upper soil layers 
remains responsive to pulses of moisture following periods of drought in the summer 
(Ehlerin ger et al. 1991; Lin et al. 1996). Artemisia also altered its root morphology in 
the localized N patch as indicated by the greater SRL of roots in the enriched patches. 
Both shrub species apparently had a sufficiently broad distribution of active roots 
capable of coarse- or broad-scale nutrient foraging as indicated by effective nutrient 
acquisition by the Distant-Treatment plants (Campbell et al. 1991). Although these 
shrub species occur in similar habitats and have a generally similar growth form and 
phenological progression, they obviously are functionally different in use of shallow 
soil resources (Bilbrough and Caldwell 1997; Donovan and Ehleringer 1994; 
Ehleringer et al. 1991; Lin et al. 1996). 
The winter-annual grasses utilized the patches to a much greater extent than the 
perennial species (Fig. 10). Aegilops and Bromus utilized the N from the localized 
source to a greater extent than from the uniform distribution (ratio of N acquired from 
patch :uniform > 4, Fig. 10). The growth habitat of these two exotic annual species is 
similar. Both thrive as weeds in winter wheat fields. Bromus has extensively spread 
into disturbed rangelands and Aegilops is also tending to invade such rangeland areas 
(Donald and Ogg 1991; Billings 1994). These species are both adept at aggressively 
occupying these habitats and it also appears they are capable of utilizing enriched 
patches of N with similar effectiveness. Such opportunistic behavior might be 
expected for many annual species since they have no long-term N storage and initially 
have small root systems. Bromus has also been shown to be capable of utilizing an 
early spring N pulse for a increased growth (Bilbrough and Caldwell 1997) which 
likely contributes to its effectiveness as a successful competitor with some native 
species (Harris and Wilson 1970). 
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Campbell et al. ( 1991) found the belowground growth rate potential of different 
species was related to their ability to capture N. Similar to the findings of Campbell 
et al. ( 1991 ), fast growing species in my study such as the annual grasses and 
Artemisia , were able to effectively acquire N from patches. Whereas both perennial 
grasses in my study had similar growth rates (Bilbrough and Caldwell 1997), they 
differed in their ability to acquire N from patches. Agropyron was better able to 
utiliz e N from patches than was Pseudoroegneria, perhaps in part due its high SRL and 
possibly increased N uptake rates of the roots in the patches (Jackson and Caldwell 
1990). 
The data suggest that some species apparently have rather broad root systems 
that are capable of acquiring N from a larger soil volume than just their immediate 
neighborhood. This is apparent for the three native species (Artemisia, 
Chrvsothamnus, and Pseudoroegneria) in which the Distant-Treatment plants had 
signifi cant quantities of the applied N in their leaf tissues. Pseudoroegneria and 
Chrysothamnus seemed to acquire nutrients from distant nutrient enriched sites just as 
well as from enriched soil immediately adjacent to the plant. Whereas, Artemisia 
could effectively exploit a N patch immediately adjacent to the plant when compared 
to the uniform application, but also had the capacity to acquire N from a greater 
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distance. In order to acquire the N from these distant locations, roots of these species 
were effectively extending past the root systems of at least two other neighboring 
plants that were closer to the these sources of N. While it is not so surprising that 
roots might extend that far, their ability to effectively acquire the N in the face of 
competition from plants closer to the N sources, is noteworthy. 
The results from this sand culture experiment allow us to identify the potential 
patterns of spatial soil resource use by these co-occurring species. I do not suggest 
that these are the strategies that would necessarily be employed by these species in a 
normal mixed-species community. However, my results do identify differences among 
species in their use of localized nutrient patches and the scale of foraging. It appears 
that the competitive, introduced species, the annual grasses and Agropyron, are better 
suited for precise utilization of nutrient patches and thus, fine-scale foraging, than are 
the native species, with the exception of Artemisia . All the native species appeared to 
be more effective in coarse-scale foraging based on their acquisition from the distant N 
sources. This information contributes to ascertaining the scale and precision at which 
these co-occurring species forage for nutrient resources and suggests the potential for 
some degree of spatial niche separation (Campbell et al. 1991; Grime 1994). 
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· A schematic diagram of plant location and treatment placement 
experimental units (EU) within a subplot block of plants. Represented 
here are: A) EU placement for perennial grasses and B) EU placement .___ 
for annual grass . Each dot represents an individual plant. Spacing 
among shrub plants was 25 cm, among perennial grass plants was 20 cm 
and among annual grass plants was 5 cm. The continuous lines show 
where the zeolite-N was applied, the dashed lines enclose plants that 
could be sampled for each of the three treatments. The shrub Uniform 
Treatment EU covered two plants in adjacent rows, rather than the three 
perennial grass plants shown here, otherwise the treatment layout was 
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The mean mass of N derived from the zeolite applications that appeared 
in the leaf tissues for the six species. Open bars represent plants 
adjacent to the patch application, solid bars represent plants in the 
uniform application, and hatched bars represent plants at a distance 35-
45 cm from the applications. Vertical bars are standard errors based on 
n=8 experimental units. Difference between means (P < 0;05, 
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Figure 9. 
a 
Pseudoroegneria A.gropyron Artemisia Chrysothamnous 
The mean specific root length (SRL ), root length per mass of root, for 
the four perennial species for the Patch, Uniform and Distant 
Treatments. Means represent eight soil cores. Vertical bars are 
standard errors based on n=8 experimental units. Difference between 






The ratio of the mean mass of N in leaf tissue acquired by plants 
adjacent to patches to the mean mass of N in leaf tissue acquired by 




Table 1. The mean proportion of leaf tissue N derived from the zeolite applications 
by plants in different treatments (n=8). The value within parenthesis is the 
standard error for the means. Different letters within a row indicate statistical 
differences between the mean values for those treatments (Bonferroni adjusted 
for multiple comparisons, P<0.05). 
Treatments 
Species Distant Patch Uniform 
Aegilops 0.01 (0.02) a 0.20 (0.02) C 0.06 (0.02) b 
Bromus 0.01 (0.02) a 0.28 (0.02) C 0.12 (0.02) b 
Agropyron 0.004 (0.009) a 0.04 (0.005) b 0.02 (0.005) a 
Pseudoroegneria 0.02 (0.007) a 0.03 (0.005) a 0.03 (0.005) a 
Artemisia 0.01 (0.02) a 0.03 (0.01) a 0.01 (0.01) a 
Chrysothamnus 0.004 (0.003) a 0.01 (0.004) a 0.01 (0.005) a 
CHAPTER 4 
DECIMETER-SCALE VARIABILITY IN SOIL WATER POTENTIAL 
AT DIFFERENT TEMPORAL SCALES IN THE INTERSPACE 
OF TWO PERENNIAL SPECIES 
Abstract 
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Soil water potential ('¥ 5) within the root zone of neighboring plants can be 
spatially heterogeneous in distribution due to differences in root activity during daily 
cycles as well as throughout the growing season. To describe the decimeter scale 
variation and autocorrelation in '¥ s at different temporal scales, twelve thermocouple 
psychrometers were installed in the interspace between nine replicate plant pairs of the 
tussock grass Agropyron desertorum and the shrub Artemisia tridentata. I monitored 
'¥ 5 hourly from May to August, 1993. Two subsets of data representing early and 
midsummer were analyzed to characterize the spatial variability in '¥ 5 for these 
periods. The early and midsummer data also allowed me to characterize the spatial 
variance/covariance structure for dry and wet soil conditions during these two periods. 
Within each of these periods I characterized the spatial autocorrelation of the mean '¥ s 
and the timing of diel '¥ 5 fluctuations (i.e., hourly daytime soil moisture extraction and 
nighttime recharge). 
There was less spatial consistency (i.e., a shorter range of autocorrelation) in 
the mean '¥ 5 during the early summer period than during the midsummer dry period 
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and both wet periods. The early summer mean '¥ 5 was autocorrelated to approximately 
25 cm while the midsummer mean '¥ s was autocorrelated to > 40 cm. During both the 
early and midsummer wet periods the mean '¥ 5 was autocorrelated to> 40 cm. I 
hypothesize that during early summer, when relative growth rates were highest, a 
greater variability in root density distribution in the rooting zone between plants was 
responsible for this pattern. While during midsummer, hydraulic lift may have 
contributed to greater spatial consistency in mean '¥ s, it cannot completely explain the 
pattern I observe. 
The spatial variance/covariance structure of the timing of diel '¥ 5 fluctuation or 
synchronicity of root activity during the dry periods differed from that of the mean '¥ s· 
In early summer the timing of diel '¥ s fluctuations were autocorrelated to > 40 cm, 
while in midsummer the diel fluctuations were autocorrelated to only 15-20 cm. A 
greater root density of young roots throughout the root zone during the early summer, 
as well as moister soil likely contributed to more spatial consistency in the timing of 
the diel fluctuations than later in the growing season. By midsummer, phenological 
changes in plant likely contributed to less spatial consistency in the timing of the diel 
fluctuations. 
There was no relationship between the mean '¥ 5 and positions within the grid 
relative to the plants. There was a strong linear relationship between the mean '¥ 5 and 
the diel range in '¥5 for mean values >-0.5 MPa. At drier '¥5 (< -0.5 MPa) this 
relationship disappeared. Three plants in close proximity to one another are 
responsible for the cluster of data which lead to the loss of a linear relationship. 
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Introduction 
Soil moisture availability in the root zone of a plant is depleted as roots extract 
water from the soil to meet plant transpirational demand. The zone of influence of an 
individual plant root system on resource availability has been theorized as a 
continuously decreasing function with distance from the plant (Wu et al. 1985; Sharpe 
et al. 1986; Walker et al. 1989). Neighboring plants with overlapping root systems 
interfere with other plants' moisture acquisition through competition (Fonteyn and 
Mahall 1981; Robberecht et al. 1983; Ehleringer 1984). Further, the spatial 
description of resource availability is complicated by differences in root distribution, 
root activity, and soil physical properties. 
Soil resources are heterogeneous in many systems (Jackson and Caldwell 
1993a,b; Halvorson et al. 1995; Smith et al. 1994) and since plants often proliferate 
roots in nutrient-rich patches (Drew and Saker 1977, 1978; Gross et al. 1993; Jackson 
and Caldwell 1989; Robinson 1994 ), it is unlikely that the zone of influence within the 
root system of an individual plant is homogeneous. Although several studies have 
characterized spatial variability in soil nutrients, few studies have characterized the 
spatial variation in soil moisture through the growing season at the scale of individual 
plants (Ryle et al. 1996) and none are known to have characterized the spatial 
relationship of daily fluctuations over several days for different periods during the 
growmg season . 
When soil moisture has been recharged to field capacity following a 
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precipitation event, one would expect the soil water potential ('\Jr 5) to be more spatially 
consistent (a greater range of spatial autocorrelation) than when the soil is drier. As 
the soil dries, local root activity and soil physical properties may contribute to more 
spatial variability in daily fluctuations of '\Jf 5 as well as the mean '\Jf 5 over several days. 
Artemisia tridentata and Agropyron desertorum are known to recharge the shallow soil 
moisture at night through hydraulic lift, a process which releases moisture from 
shallow roots into the soil (Richards and Caldwell 1987; Caldwell and Richards 1989; 
Williams et al. 1993). This process may contribute to fine root survival during periods 
of low precipitation (Caldwell et al. 1991). I would expect that the seasonally-
dependent phenological development of species could contribute to spatial variability 
in '\Jr s· The spatial '\Jr s distribution in the spring may be influenced by active plant 
growth and a higher density of new young roots. This may be quite different from 
later in the season when soils become drier and root age and suberization slow soil 
moisture extraction. Therefore, the heterogeneity of soil moisture availability in the 
root zone of neighboring species may vary seasonally. 
To characterize the spatial variability of soil moisture through time in the 
interspace between two neighboring species with intermingled root systems, I 
monitored '\Jf 5 on an hourly basis with thermocouple psychrometers. Psychrometers 
were installed vertically to a depth of 30 cm in a decimeter-scale grid between 
adjacent plant with little disturbance to the root systems. 
I have characterized the spatial variance/covariance structure (i.e., spatial 
autocorrelation) of the mean '\Jf 5 and the timing of diel '\J,5 fluctuation over several days 
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in the interspace between a shrub, Artemisia tridentata, and a tussock grass, Agropyron 
desertorum for two periods in the growing season. I used data for an early summer 
and a midsummer period for this analysis since each period had a distinct dry period 
immediately followed by a wet period . 
Materials and methods 
Location 
The experiment was conducted approximately 4 km northeast of Logan, Utah 
(41 °45'N, 111 °48'W, 1460 m elevation) at Utah State University Green Canyon 
Research Center. The mean annual precipitation at this site is 468 mm, with the 
majority occurring as snow in the winter with rains in the spring and fall. In 1993, 
there were several significant precipitation events (recharged soil moisture to at least 
30 cm depth) during the summer months . The soils at this site have been described as 
loamy-skeletal, carbonatic, mesic Typic Haploxerol (Southard et al. 1978). 
In 1978-1979 , permanent plots of three commonly occurring Great Basin 
species were planted in two- and three-species mixtures. Shrub seedlings and tiller 
clumps of tussock grasses were planted with interplant distances of 50 cm. By 1993, 
the tussock grasses had spread to an approximate diameter of 30 cm and the shrubs 




In April of 1993, screen-cage thermocouple psychrometers (J. R. D. Merrill 
Specialty Equipment, Logan, UT) were installed in the interspace between mature 
shrubs, Artemisia tridentata (Rydb.) Beetle, and mature tussock grasses, Agropyron 
desertorum (Fisch. ex. Link) Schult.. Twelve psychrometers were installed vertically 
to a depth of 30 cm, approximately 10 cm apart in a 20 X 30 cm grid (Fig. 11). A 
seven-mm stainless steel rod was driven into the soil to create a hole to feed the 
psychrometer wire to a depth of 30 cm. In many instances rocks or large roots in the 
exact 10 cm grid location made it impossible to drive the rod to 30 cm, therefore I had 
to adjust the location by a few centimeters. I carefully mapped the exact coordinates 
of each psychrometer location. The distance between any two psychrometers within a 
grid ultimately ranged from 5 to 40 cm instead of 10 to 36 cm as expected if 
psychrometers could have been located precisely on the 10-cm grid. We installed the 
psychrometers vertically to minimize soil disturbance. To insulate the psychrometer 
wires to reduce heat conduction , polystyrene insulating foam was injected into the 7-
mm hole in which the psychrometer wire was fed. A silicone-caulk cap was then 
applied to protect the foam from solar radiation and to shed water away from the wire 
and hole. 
I utilized nine such shrub-grass interspaces in three adjacent plots for which I 
monitored '¥5 • All shrub-grass plant pairs were within 8 meters of each other but no 
two plant-pairs were closer than 1 meter. 
Data Collection 
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In early May of 1993, data collection began using a CR7 data logger (Campbell 
Scientific Inc., Logan, UT). Soil water potential was measured hourly. The data 
logger output was translated to water potential values using the model of Brown and 
Bartos (1982) that corrects for psychrometer sensitivity to temperature. The total data 
set consisted of 105 different time series, one for each psychrometer, (twelve 
psychrometers per grid X nine grids, three psychrometers malfunctioned); from early 
May to late August, however, there were several interruptions in the data due to power 
outages. I selected two separate time blocks from the larger data set for the analysis 
presented in this manuscript. Figure 12 shows an example of the hourly '115 from one 
of the plant pair grids. 
The early summer time-series block, between May 24 and June 7, was split into 
two periods : a dry period, May 24-31 ( 185 total hourly observations), and a wet 
period , June 1-7 (157 total hourly observations). On June 1, a rainy period began, in 
which approximately 52 mm of rain fell during the subsequent week. The 
midsummer time-series block selected began on July 12. The dry period for this set of 
data lasted from July 12-July 22 (223 total hourly observations) and the wet period 
from July 23-July 29 (138 total hourly observations) during which approximately 45 
mm of precipitation were received . 
Data Analysis 
I characterized the daily mean '¥ 5 , at the decimeter scale in the interspace 
between plants by first modeling the intercept and slope of each time series using an 
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autoregressive procedure (SAS/ETS, Proc AUTOREG, 1993). A negative slope for a 
time series would indicate a drying trend. However, few slopes were significantly 
different from zero (8% had a slight negative slope) which suggests that there were not 
significant general drying trends . Therefore , I used the intercept of the time series as a 
reasonable estimate for the mean it s for several days. I then estimated the spatial 
autocorrelation structure, or the covariance structure, among psychrometers within a 
grid with a repeated-measures mixed model using a selected spatial covariance model 
(Littell et al. 1996). An exponential model was selected to fit the spatial covariance 
structure for these data based on the Akaike's Information Criterion (AIC) (Akaike 
1974). The overall estimates were averaged over the nine replicate grids. The 
resulting covariance structure estimates thus characterize the spatial relationship in 'Y s 
at the scale of a grid ( :S 40 cm). The SAS output from this modeling effort 
produced two parameters (a2-the estimate for the overall variance and p-a spatial 
association parameter) for calculating the covariance estimates, sij, for each distance or 
lag, d;j , among psychrometers ( each i and j represent an (x,y) coordinate for each 
psychrometer) . The spatial variance/covariance structure was defined as 
E;j = a2exp(-d/p). (1) 
With this equation I was able to calculate covariance values for distances ( dij) within 
the scale of my study (i.e., :S 40 cm). 
Secondly, I analyzed each time series with an autoregressive model fit with a 
lag of 24 hours to obtain residuals for covariance calculations (SAS/ETS, Proc 
AUTOREG, 1993). Estimating the spatial autocorrelation structure in the interspace 
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between two plants using the residual time series characterized spatial consistency or 
synchronicity in the timing of soil moisture drawdown and recharge among 
psychrometer locations. I estimated the spatial autocorrelation structure among 
psychrometers within a gr1d with a repeated-measures mixed model using the residual 
time series , again using an exponential model for the spatial covariance structure 
(Littell et al. 1996). Variance /covariance structure parameters (a2 and p) were obtained 
through the same mixed-model analysis described above. Covariance values were 
calculated , using equation ( 1 ), for distances ( dii) within the grid scale (::;40 cm). 
Specifically , covariance values were calculated for distances 1-10, 12.5, 15, 17.5, 20, 
25, 30, 35, and 40 cm. Since the covariance between two points approaches zero as 
the distance between points increases I ' ve chosen to present these data in variogram 
form as suggested by Rossi et al. 1992. I calculated a spatially corrected variance 
estimate by subtracting the covariance terms from the overall variance. Plotting these 
values against distance reveals a curve with identifiable variogram characteristics, 
namely a sill -the overall variance and a range -the distance between points at 
which points are no longer autocorrelated (Rossi et al. 1992). I also have standardized 
these curves in order to compare spatial covariance structures of phenomena which 
have different magnitudes of variability , i.e. , dividing each terms by its overall 
variance standardizes the sill of each curve to one (Rossi et al. 1992). 
The die I range in '¥ s for each psychrometer was calculated and regression 
analyses were performed to evaluate the relationship between the range and the mean 
'l's. Further , I evaluated how the diel range in '¥5 and the mean 'l's varied with 
proximity to the plant species. l calculated an average 'Ys for three positions within 
each grid: next to grasses, next to shrubs, and in the interspace or midway between 
plants to determine if there were differences among 'Ys for these spatial positions. 
Result s 
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It is apparent in Figure 12 that there was variation in the mean '\Jr s at the 
locations being monitored. The mean '¥ s in the interspace between plants during the 
early summer dry period was autocorrelated to a distance of 25 cm (Figure 13a), 
whereas the mean '¥ s was autocorrelated to a distance of 2: 40 cm (Figure 13a) for the 
midsummer dry period. However , the overall variability in mean 'Ys was significantly 
less in early summer than during the midsummer dry period (Figure 13b). The mean 
i's during the wet periods had significantly lower variability than that in the dry 
periods as would be expected when the soil is thoroughly recharged (Figure 13b). For 
both wet periods, the mean '¥ s was autocorrel ated at distances greater than 40 cm 
(Figure 13a). 
There was no significant relationship between the mean i's at a given location 
within a grid and the Gistance from the shrub base (data not shown). The average 'Ys 
at the three positions within the grid - next to the shrub, next to grass, and midway 
between the plants, were also not significantly different in early or midsummer (Figure 
14a,b ). In midsummer it appears that the soil at the base of the shrub was wetted to a 
greater extent than the soil adjacent to the bunchgrass following precipitation (Figure 
14b). 
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Durin g the early summ er dry period, the mean '¥5 and the diel range in '¥5 were 
highl y cor related but not significantly differe nt at these three locations (Figure 15). 
Ther e was a strong negative relationship durin g both dry periods between the mean '¥5 
and the range at 'Vs> -0.5 (F igure I 5a, r2=0.88). The relationship disappeared at '¥5 < 
-0.5 (F igure 15b ). 
The timing of diurn al soil moisture extraction and nighttime moisture recharge 
was more spatially consistent in the ear ly summer where the timing of fluctuations was 
autocorrelated to >40 cm, than in the mid summer where the timing of fluctuations was 
autocorrelated to appro ximately 20 cm (Figure 16a). During the early summer dry 
peri od there was more variabilit y among sampled locations than during the midsummer 
(Figure 16b) which resulted in a greater overall estimate of the variance. For both wet 
peri ods, no clear pattern of die! fluctuations existed and variability was apparently only 
n01se. 
Discu ssion 
There were distinct and consistent diel fluctuations in soil water potential at 
mo st locations durin g the dry periods that disappeared following rain. Diel 
fluc tuations in 'Y s appear to be a surroga te for root activity --extraction of water 
durin g the day with subsequent nighttim e recharge of soil moisture (Richards and 
Caldwe ll 1987 ; Dawso n 1993; Wan et al. I 993) . The nighttime soil moisture recharge 
is large ly due to water effl ux from roots of Artemisia (Richards and Caldwell 1987, 
Caldwe ll and Richards I 989) and Agropyro n (Caldwell 1990, Williams et al. 1993) in 
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the process known as hydraulic lift (Caldwell et al. 1998). Seasonal changes in 
physiological status of plants and local differences in soil texture and root density may 
lead to difference s in die! fluctuations in '¥ 5 and variation in the amplitude of those 
fluctu ations . Howeve r, hydraulic lift may have contributed somewhat to reducing the 
overall variability in the mean '1t s in the interspace between two plants. 
The range of autocorrelation in the mean '¥ 5 during the dry periods may have 
been due to variation in active root distribution and soil physical properties. In early 
summer, when the mean '¥5 was autocorrelated to approximately 25 cm (Figure 13a), 
both plant species were active ly grow ing and root exploration for soil resources was 
presumably high. Soil nutrient distribution in the sagebrush steppe has been shown to 
be spatially variable within the root zone of plants (Jackson and Caldwell 1993 a,b; 
Halvorson et al. 1995; Smith et al. 1994; Schlesinger et al. 1996; Ryle et al. 1996) and 
root prol iferation in patches of enr iched nutrients could contribute to a variable root 
density distribution (Bilbrough and Caldwell 1995; Eissenstat and Caldwell 1988; 
Jackson and Caldwell 1989; Robinson 1994). However , Jackson and Caldwell 1993 
found no spatial autocorrelation in root mass at a distance of 12.5 cm in a sagebrush-
bunchgrass communit y during the grow ing season indicating high variability at very 
short distances. The refore, a variable root density distribution of young, actively 
growing roots might contribute to less spatial consistency in local mean '¥ 5 within a 
grid , i.e., a shorter autocorrelation distance . Although there was greater variability in 
mean '1t s values amo ng the nine replicate plant pairs during midsummer compared to 
dur ing the ear ly summer (Figure 13b; Figure 15b), the spatial analysis suggests that 
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within eac h plant pair there is grea ter spatial consistency in the mean 'l's during 
mid summ er than in earl y summ er (F igure 13a,b) . This is contrary to my expectation 
that as the soil beca me dri er later in summ er, the mean 'l's would be more spatially 
vari able than earl ier in the summ er when the soil was moister. 
Noc turn al wat er recharge in shall ow soil is presumably more important when 
the soil beco mes dri er as the summ er pro gresses (Caldwell et al. 1991). Williams et 
al. 1993 fou nd that nocturnal recove ry of 'l' s was approximately 80% of the previous 
day' s drawdow n which resulted in a mon otonic decrease in daily average 'l's. I did not 
obs erve monotonic decreases in the mean '¥ 5 except at a few locations across the nine 
replic ate plant pa irs (8 of 105 psyc hrometers). Therefore, I hypothesize that hydraulic 
lift full y recharged '¥ 5 at night. Thu s, the mean 'l' s was maintained nearly constant at 
the monitore d loca tions rath er than continuing to diverge which would probably lead 
to grea ter variabilit y in mean '¥, within the root system. It is plausible that hydraulic 
lift may ha\'e cont ributed to the more spatially consistent mean 'l's (spatial 
aut oco rre lation > 40 cm, Figure 14a) observed in midsummer relative to early 
summ er, howeve r. I am unable to compl ete ly explain why my results contradict my 
exp ectation , 
A large range of spatial autoco rrelation in the timing of diel fluctuation 
sug ges ts that synch ronicit y of root activ ity is similar at that spatial scale. During the 
pea k grow ing seaso n when the relative growth rates are highest (Caldwell et al. 1981), 
and the soi l was quite moist (ea rly summ er), there was greater spatial autocorrelation 
(> 40 cm) in the timin g of die! '¥, fluctuations than during the midsummer 
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(appro ximately 20 cm, Figure 13b). This is an interesting phenomena but I can only 
speculate that phenological changes in the plants by midsummer were responsible for 
the patte rn J observed during that time. Phenological changes, such as reduced relative 
growth rates and the initiation of nitroge n translocation out of leaf tissue, in 
conj unction with high temperatur es in midsummer and a variable light environment 
within the plant canopy couid lead to var iation in stomata! behavior within the canopy 
(Ca ldwe ll et al. 198 1; Tenhunen et al. 1981; Leuning et al. 1995). Variation in the 
micro environm ent within the canop y for plants which can lack physiological 
inte grat ion wit hin an individual (Cook and Stoddart 1960), may create variable 
stom ata ! behav ior which could lead to variation in the local timing of root extraction 
of soi l moisture. Thus, diurnal var iation in stomata! opening and closing could 
con tribut e tu less spatial consistency in the timing of it s drawdown and recharge. 
Clear ly, there is a strong relationship between the diel range in water potential 
and the estimat ed mean it s for a give n location (Figure 15a). This relationship is 
appare ntly valid for '¥ 5 > -0.5. Soil moisture retention characteristics can help explain 
this re lationship . As the soil dries . the relationship between soil water content and i's 
becomes very steep , therefore, for a given quantity of water extracted and released, the 
range in'¥ , will increase as the mean it , becomes lower (Hillel 1981; Caldwell, 
unp ublished data). In midsummer the linear relationship between the diel range in i's 
and the mean it s was not maintained for all locations. When the mean i's was drawn 
down belov, -0 .5 MPa there was more variability in the diel range of i's (Figure 15b). 
Upon visual inspection of the data. 80% of the data points with low diel i's ranges 
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associclted with low mean '1.r, arc assoc iated with three shrub-grass pairs which were all 
in close prox imity to one another. The maximum diel '¥ 5 at these grid locations were 
mu ch lowe r on average than the maximum '¥ 5 within the grids of other plant pairs. If 
the se sites were significantl y drier · it is possible the plants were extracting and 
rele asing less water during the diet cycle . 
I observed no detectabl e regul ar die] 'Its fluctuations during the wet periods. 
One plausible scenario is that the movement of soil moisture was rapid enough to 
cont inually suppl y roo ts with water resultin g in no detectable drawdown. Further, a 
red uced transpirational demand of plants due to cloud cover and reduced temperatures, 
ofte n assoc iated with a ra iny period (Willi ams et al. 1993), may also have contributed 
to the lack of detec table die! fluctuations in 'Its. The spatial autocorrelation of the 
mean '¥, for the wet period corroborat es thi s scenario , i.e., the overall variability was 
low (Figure 13c) and the mean '¥ 5 was autocorrelated to greater> 40 cm suggesting 
that the soil was spatially consistent in wetn ess (Figure 13 a,c). The greater variance 
esti mate fo r midsumm er. when soils were much drier than early summer, was perhaps 
due to loca l variation in hysteresis of wetting up dry soil which results from 
diff erences in soil physica l prope rties (Hillel 1982). 
The spat ial distributi on of soil moisture is clearly dynamic at different temporal 
scal es . So il moisture distribution is obviously affected by precipitation yet also is 
like ly affected by the plant species utili zing the moisture within a given volume of 
soil. The sca le of spatial variabilit y in mean '¥ 5 I observed was consistent with that 
fou nd for soil moisture content and for root distribution from studies in natural 
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sageb rush-wheatgrass communities (Jackson and Caldwell 1993; Ryle et al. 1996). In 
both o f the se studi es, soi I water content was autocorrelated within the scale of a single 
root sys tem ( < 2 m) although in Ryel et a l. ( 1996) the range of autocorrelation varied 
dep ending on the time of yea r. Ryle et al. 1996 found that in the spring, soil water 
cont elll wa s autoco rrelated ove r much shorter distances ( < 0.5 m) than during late 
summ er ( > 1.5 m) which is consistent with the seasonal pattern for autocorrelation of 
the mea n '¥ s l obse rved although the sca le was different. This pattern of seasonal 
chan ge in the spa tial autoco rrelation of soil moisture was also consistent with the 
sea sonal spatial autoco rre lation of soil N (Ryle et al. 1996) , another resource which 
often limit s plant produc tivity in many systems (Crawford and Gros 1982). 
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